This paper presents the design optimization and characterization of a microscale, permanent-magnet (PM) generator, capable of supplying 8 W of dc power to a resistive load at a rotational speed of 305 000 rpm. The generator is a three-phase, axial-flux, PM machine, consisting of a stator with Cu surface windings and a multi-pole SmCo PM rotor. Optimization of the machine geometries has enabled a 30% improvement in power density (for the same rotational speed) over a previously reported machine. Furthermore, these design improvements, in combination with higher rotational speeds, have enabled a >7× improvement in total output power and a net power density of 59 W cm .
Introduction
Permanent-magnet (PM) generators can be used for converting rotational mechanical energy into electrical energy for a wide variety of applications. Compared to other types of magnetic machines, PM machines have several benefits for miniaturized or microscale applications. First, the magnetic interactions governing the machine operation scale independently with size (assuming an increased current density capacity as length scale is reduced) [1] . Second, the high costs typically associated with PM materials are of less concern when considering devices of small size. Lastly, axial-flux PM machines have planar geometries, which merge well with conventional MEMS microfabrication.
In PM devices, rare-earth magnets (e.g. SmCo, NdFeB) are typically employed because they possess high energy products for maximum electromechanical energy conversion. For many applications, NdFeB, with its slightly higher energy product, is the material of choice. However, when considering integration of a PM generator in a high-temperature (∼300
• C) microengine power generator [2] , SmCo is preferred for its higher Curie temperature and low remanence loss at elevated temperatures [3] .
One major challenge for microscale PM machines is the fabrication and integration of the required machine components. There are no well-developed processes for the micromachining of PM materials with magnetic properties that approach those of bulk, rare-earth materials. Thus, in many cases, a hybrid approach is used. Precise microfabrication is employed for the coils and stator, while bulk-machining is used for the PM and rotor. Another challenge for these types of devices is that they rely on some input mechanical power, such as a fluid flow or heat engine [2] . Thus, the source of power must be considered in the design and application of the generator.
Several microscale PM generator devices have been previously reported, all using different construction approaches. A self-contained flow-driven device has produced 1.1 mW at 30 krpm for a 7.5 mm diameter SU-8 rotor, which contained individual NdFeB magnets [4] . Another group has reported 14.6 mW of output power at 58 krpm using an 8 mm diameter NdFeB rotor [5] , but in the corresponding conference presentation, presented 5 W at 380 krpm for the same device. The authors of this paper have previously reported a PM generator that demonstrated 2.6 W of mechanical-to-electrical power conversion and delivery of 1.1 W of dc power to a resistive load at a rotor speed of 120 krpm using a 9.5 mm diameter annular SmCo rotor [6, 7] .
These preliminary investigations have demonstrated the potential of such devices for various energy conversion applications. However, a dedicated effort to optimize and maximize the performance (power output, efficiency, etc) of these devices has not yet been undertaken. In this paper, design considerations and tradeoffs are presented and analyzed in order to maximize the output power of a microscale, axial-flux PM generator. A significantly redesigned, secondgeneration generator is presented that is fabricated similarly to the machine in [6, 7] , but possesses an improved winding scheme and optimized machine geometries. This redesigned device is experimentally characterized and its performance improvements are quantified.
Machine design
The generator is a three-phase, multi-pole, axial-flux, synchronous machine comprising a rotor with an annular PM and soft magnetic back iron and a stator with Cu surface windings on a magnetically soft substrate, which also serves as a magnetic back iron. In operation, time-varying magnetic fields from the spinning rotor induce voltages in the stator windings. When connected to a load, current flows through the windings, and electrical power is supplied from the device.
The stator uses interleaved, electroplated Cu windings that are dielectrically isolated from a 1 mm thick NiFeMo (Moly Permalloy) substrate by a 5 µm polyimide layer, as depicted in figure 1 . The rotor consists of an 8-pole, 500 µm thick, annular SmCo PM and a 500 µm thick FeCoV (Hiperco 50) back iron. For this design, both the rotor magnet and back iron have an inner diameter of 5 mm and an outer diameter of 10 mm. 
Design improvements
In PM machine design, many of the scaling laws are evident from the first-order governing equations [7] . For example, power increases as air gap is reduced, rotor surface area is increased, speed is increased, etc. However, some of the intricacies of the physical construction of the device are not captured by these engineering equations, particularly in relation to the windings. Furthermore, these equations do not model well three-dimensional effects, such as radial leakage flux, end-turn effects, etc. Thus, some additional analysis is needed.
In this particular machine, many of the design parameters (dimensions, materials, etc) are fixed based on future compatibility and integration with a microturbine engine [8] . Thus, in the design of this second-generation device, the goal was to maintain similar overall dimensions, but to focus on two fundamental issues: (1) improving the winding pattern and (2) determining the optimum values for the number of poles (p) and number of winding turns/pole (n).
There are several design improvements in the secondgeneration stator aimed at reducing the winding resistances by making more effective use of the available winding volume in the gap between the rotor magnet and stator substrate. First, the radial conductor segments occupy the full thickness of both metal layers, as depicted in figures 1 and 2. The radial conductors are thicker, 200 µm rather than ∼100 µm, and therefore have lower resistance. Second, the inter-conductor spacing was reduced from 130 µm to 50 µm, further increasing the Cu cross-sectional area for lower resistance. Third, the radial conductors were shortened by 500 µm relative to the rotor magnet radial span, permitting optimal flux linkage of radial leakage flux while minimizing the total coil length.
The new design also features a more effective winding pattern with an improved end-turn connection scheme. Figure 3 shows the winding diagrams for the original [7] and optimized devices. The number of 'crossovers' and thus vias was reduced (from 96 to 3) by using variable-pitch coils and permitting each end-turn segment to occupy only one layer (either top or bottom). Also, each end-turn's segment width, length and shape were optimized for minimum overall resistance.
Additionally, because the output power scales with the square of the rotational speed, emphasis was placed on increasing the rotor speed. For this design, the limiting factor for speed was determined both experimentally and theoretically to be the mechanical integrity of the brittle SmCo material in the rotor [9] . At high speeds, centrifugal forces can readily exceed the ultimate strength of the material, resulting in brittle fracture and catastrophic failure of the rotor assembly. This problem was addressed by reinforcing the rotor assembly with a Ti housing, which also serves as a mounting adaptor for connection to the experimental test stand.
Machine optimization
The design goal is to maximize the flux linkage between the rotor and stator for maximum induced voltage while minimizing the stator winding resistance for maximum output power. For a generator of a fixed volume operating at a constant rotational speed, first-order analysis indicates that output power scales independently of the number of poles (p) and number of winding turns/pole (n). Increasing either p or n increases the voltage linearly while simultaneously increasing the winding resistance quadratically (winding length increases linearly, and cross-sectional area decreases linearly).
In a typical macroscale machine design, the values of p and n can be used to adjust the relative voltage and current levels, with little impact on output power or efficiency. However, for microscale machines, these values can dramatically impact the machine performance. For example, a machine with a low p and/or n may not provide sufficient voltage levels for compatibility with the power electronics, whereas a machine with a high p and/or n requires finer physical features and may exceed the geometrical size limitations of photolithography, magnetic patterning, etc. Also, as p is increased, the lateral leakage flux between adjacent rotor poles becomes significant; in other words, less magnetic flux is coupled from the rotor to the stator.
Therefore, a parametric optimization was performed to find the optimum values for p and n along with Inner end-turn extension 0-1.6 mm the corresponding optimal winding pattern geometries for maximum output power. Both p and n were varied while enforcing certain microfabrication constraints for the rotor and stator. The geometric parameters are listed in table 1. The radial dimensions of the magnet were fixed, as were all axial parameters (e.g. air gap, thicknesses, etc), while the radial dimensions of the stator windings were varied. A four-step procedure was used for the optimization as follows:
(1) For each combination of p and n, the inner and outer endturn extensions, h i and h o , were varied to find the winding pattern that yielded the lowest electrical resistance. The relative resistance contribution of each winding segment (radial conductors, inner end-turns, and outer end-turns) and the total resistance were calculated using geometrical relations and an assumed resistivity of ρ Cu = 1.7 µ cm. (2) For each value of p, a three-dimensional (3D), nonlinear, finite-element model (FEM) was used (FEMLAB v3.1) to solve for the static magnetic B-fields in the machine. The rotor was modeled by assuming a square-wave magnetization with a remanence of B r = ±0.5 T and relative permeability of µ r = 1. (Note that the value of 0.5 T was used based on previous modeling experience of this type of machine [6, 7] .) The FeCoV back iron and NiFeMo stator substrate were modeled using experimentally measured nonlinear material properties [6] . The FEM employed two magnetic half-poles and enforced periodic boundary conditions. Figure 4 shows an example for p = 8 of the axial directed B-field at a midpoint through the thickness of the stator coils (i.e. 100 µm above the stator substrate), indicating a peak magnetic flux density of approximately ±0.3 T. This model accurately captures most of the physics of the device, but does not account for the armature reaction fields from the stator currents nor does it include eddycurrent generation. Both of these effects have been previously determined to be small with respect to the fields produced by the PM [6] . as an input to a circuit model using a per-phase series equivalent resistance of 50 m to account for losses in the power electronics [7] . The three-phase matched-load (maximum power transfer) output power was calculated from the model. Additionally, the short-circuit current density in all segments of the conductors was verified to not exceed the maximum capacity (<2 × 10 9 A m −2 ). Figure 5 shows the predicted values for single-phase resistance, single-phase voltage and three-phase matched-load output power as a function of poles, p, and turns/pole, n. While there are valid data only for integer values for p and n, the plots use a continuously shaded interpolation to illustrate the differing response curves. Also, the unplotted regions indicate geometries that exceed the limitations of the fabrication design rules, i.e. the conductors are too narrow. A maximum output power of 12.7 W is indicated for the 8-pole, 3-turn/pole configuration. This corresponds to a single-phase winding resistance of 100 m and an opencircuit voltage of 1.6 V rms . While not shown, it is interesting to note the relative breakdown of the winding resistance: 18% in the radial conductors, 36% in the outer end-turns and 46% in the inner end-turns. The end-turns account for over 80% of the total resistance of the winding. This clearly illustrates one major difference between microscale machine design and conventional macroscopic machine design.
Machine fabrication
To confirm an improvement in the overall design, 8-pole, 3-turn/pole optimized machines were built using previously reported methods [7, 10] . As shown in figure 6 , the fabricated stator consists of two electroplated Cu layers, 80 µm and 60 µm thick, respectively, with 40 µm of SU-8 as the dielectric insulation between the layers. The fabricated geometry differs slightly from the modeled geometry (80 µm Cu layers with 40 µm insulation) due to process variations. Consequently, the single-phase winding resistance and inductance for the optimized machine are 160 m and 0.31 µH, respectively. These values are slightly higher than the projected values of 100 m and 0.138 µH.
Experimental results
Using the spinning rotor test stand and experimental methods described in [7] , electrical characterizations were performed to analyze open-circuit voltage, output power and efficiency.
Open-circuit voltage
The open-circuit voltage V oc is linear with speed and decays with air gap, as depicted in figure 7 . A voltage of 0.8 V rms Figure 7 . Open-circuit voltages (a) versus rotational speed for 100 µm air gap and (b) versus air gap at 100 000 rpm for original [7] and optimized machines. Data points represent measurements; lines represent analytical model [6] .
was achieved at 150 krpm and 100 µm gap. The experimental values are seen to closely match analytical models [6] , as well as the FEM-based predictions used for the machine optimization.
The new, optimized machine exhibits a 26% higher opencircuit voltage as compared to the original machine [7] . This increase ideally should be 50% (3 turns/pole rather than 2 turns/pole), assuming equal magnetic properties and dimensions. However, the original machine possessed a 9% larger magnet surface area (3.2 mm ID, 9.5 mm OD, compared to 5 mm ID, 10 mm OD). In addition, the magnets were manufactured by two different vendors, and may not possess equal magnetic properties. Also, because of the experimental setup, there is some variability in setting the magnetic gap. Therefore, a direct comparison of the voltage data is difficult.
Power
For power measurements, the air gap was fixed at 100 µm. A passive ac/dc converter, comprising a three-phase /wyeconnected (1:6 turns ratio) transformer and a three-phase diode bridge rectifier, was used to provide dc power to a resistive load [7] . The output power was measured as a function of load resistance at 100 krpm, and the matched-load condition was experimentally determined by the point of maximum power transfer to be 37 . The load was then fixed, and the power was measured as a function of speed. The load resistance was re-measured at each speed to ensure accuracy as the resistor heated. Figure 8 . Matched-load dc output power for original [7] and optimized machines. Data points represent measurements; lines represent analytical model [6] .
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As shown in figure 8 , a maximum dc output power of 8 W was achieved at 305 krpm for a matched load. For an active volume of 136 mm 3 (OD = 10 mm, ID = 5 mm, thickness = 2.3 mm), this corresponds to a power density of 59 W cm −3 . Above 305 krpm, the SmCo permanent magnet suffered catastrophic mechanical failure, resulting in destruction of both the rotor and stator. The 8 W of measured power is lower than 12.7 W predicted by the device optimization model, primarily because of the under-prediction of the stator winding resistance.
As for comparison, the first-generation machine achieved a maximum dc output power of 1.1 W at 120 krpm [7] . At the same speed, the second-generation machine demonstrates 1.3 W. Accounting for the differences in rotor size, this corresponds to a 30% improvement in power density.
Efficiency
To characterize the machine efficiency, the input mechanical power must be measured in addition to the electrical output power. The mechanical shaft power is the product of angular speed and torque. Speed is measured using a shaft encoder, but measurement of shaft torque using conventional methods is difficult because of the low torques and high rotational speeds associated with the micromachine. Because of this, electrical measurements are made at the system output, and device models are used to extract the induced voltages and the torque, as described in [6, 7] . The extracted torque is multiplied by the measured speed to obtain an estimate of input mechanical power.
Two different efficiencies are plotted as a function of speed in figure 9 under maximum power transfer conditions (i.e. matched-load). The generator efficiency, η g , represents the efficiency of the entire generator system. It is the ratio of the dc electrical output power to the mechanical shaft input power (neglecting mechanical bearing and windage losses). The electrical efficiency, η e , is the efficiency of the system from the induced voltage to the load. It takes into account the stator conduction losses and power electronics losses, but neglects the magnetic core losses in the stator substrate. The difference between the two curves is the magnetic losses in the stator substrate (primarily eddy current losses), which could Figure 9 . Electrical system efficiency, η e , and generator system efficiency, η g , versus speed under matched-load conditions. be reduced by including magnetic laminations in the stator [11] .
As shown in the figure, both efficiencies increase with increasing speed, primarily because losses (e.g. transformer core, diode drops) in the ac/dc converter become less significant. A net generator efficiency of 28% is achieved at 300 krpm, and the electrical efficiency approaches the theoretical maximum of 50% for a matched-load condition.
At an efficiency of 28%, large amounts of power are dissipated in the machine, resulting in the potential for high temperatures. In the case of a matched load at 300 krpm, the machine must dissipate ∼20 W of power (∼8 W from stator conduction losses and ∼12 W by core losses in the stator substrate). Fortunately, machines of this scale possess high surface-to-volume ratios, so heat is dissipated much more readily than in macroscale machines. For the test results presented here, the machine stator was clamped to an aluminum mounting plate (which served as a mechanical support and heat sink), and no significant temperature rises were detected.
Conclusions
The PM generator demonstrated 16 W of mechanical-toelectrical power conversion and delivery of 8 W of dc power to a resistive load at a rotational speed of 305 krpm. This corresponds to a net power density of 59 W cm −3 , more than an order of magnitude higher than macroscale generators. This second-generation machine demonstrates a corresponding 30% improvement in power density attributed solely to stator enhancements. The stator improvements, combined with the higher rotational speeds (305 krpm), have enabled a 7.2× improvement in total output power.
These machine results are for matched-load conditions where maximum power transfer occurs. In certain applications where small machine size is critical, power density may be the primary design goal. In other applications, efficiency may be the primary design goal. For these cases, higher efficiencies can be obtained by operating the machine with a reduced load, but this sacrifices output power. Maintaining high efficiency and high output power requires a larger machine. Thus, the intended application and overall system level design and integration issues become very important for the design of the generator.
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In summary, if these PM microgenerators can be integrated with suitably scaled mechanical power sources (e.g. micro heat engines) and small power electronics, extremely compact, high power-density energy converters may be realizable. The machine reported here shows progress toward this goal.
